A review of electron optical bench literature is presented, and the designs of two optical benches used by the authors are described. One bench was designed for testing individual electrostatic electron lenses and in-line optical systems, for example, emission electron microscopes and transmission electron microscopes. It has been in operation for many years. The second electron optical bench is new. It is a branched system designed for several purposes: to study correction of spherical and chromatic aberration with an electron mirror, and to gain experience with low energy electron microscopy (LEEM) optics. The alignment of the electron optical support structure is independent of the vacuum housing, and the bench is designed to be operated either horizontally or vertically. As a demonstration of the performance of the new bench in the horizontal mode, a test pattern on a silicon surface was imaged with LEEM optics.
I. INTRODUCTION
Electron optical benches play an important role in mea suring the focal properties of electrostatic and magnetic lenses and their aberration coefficients. An optical bench is often the instrument of choice for testing the performance of prototype microscopes because of its versatility and adjust ability. Whereas optical benches for visible light and glass lenses are readily available from commercial sources, elec tron optical benches must be designed and built individually by the research laboratories needing them. The main ways in which electron optical benches differ from light optical benches are that electrical connections must be made to the electron source and to each lens, and the entire optical sys tem must be enclosed in a vacuum chamber. Additional fac tors such as translating the components without breaking vacuum, introducing magnetic shielding without affecting mechanical alignment, and viewing the image must be con sidered. The alignment of components in an electron optical bench is especially important for high magnification and low-energy beam applications. Surprisingly few electron op tical benches are described in the literature. These publica tions are often difficult to locate, and no reviews on this subject have been published. We have three motivations for writing this paper. Our first reason is to provide a brief re view of electron optical benches. The second reason is to describe the electron optical bench we have used in our labo ratory for many years. The third purpose is to describe the design and operation of a new electron optical bench suitable for branched electron optical systems such as the optics re quired for aberration correction by means of an electron mir ror, and for low energy electron microscopy. It is our hope that this gathering of the literature in one place and a discus sion of our experiences with optical benches will make it easier for others entering the small but important field of experimental electron optics.
II. REVIEW OF ELECTRON OPTICAL BENCHES
Historically, the properties of electric and magnetic fields were first studied in sealed glass tubes, an outgrowth of early work on Geissler's or Braun's tubes and cathode-ray oscillographs. As magnetic and electrostatic lenses were de veloped in the 1930s and rudimentary electron microscopes assembled, the need to vary the position and combination of components made the construction of electron optical benches an important adjunct in electron optical research. In Technische Hochschule constructed an emission microscope using two magnetic lenses.3 The components of this micro scope were also positioned on a triangular optical bench but the vacuum system was confined to a glass tube of smaller diameter held above the bench, with the magnetic coils on the outside. Both of these systems appear to be constructed using light-optical bench support systems. Systems similar to these have been set up in many other laboratories to study electron optics and to demonstrate the principles of electro static and magnetic lenses. There are naturally variations that did not use a triangular rail. For example, in 1938 Nicoll4 described the focusing properties of an electron mirror formed between two cylinders in a glass tube. At about the same time, Klemperer and Wright made a thorough theoreti cal and experimental study of the focal properties and aber rations of two-cylinder lenses in a glass tube. insure that the optical axes of the components are aligned on the V way. The outer diameter of the housings which we use is 53.95 (+0, -0.02) mm. Each V-way section incorporates a linear translator which provides axial movement along the V way. Translation is accomplished by turning a worm gear mounted under each V way. The worm gear draws a carriage forward or backward in a slot in the bottom of the V way. This motion can be transmitted to a housing on the V way by a pin connecting the housing to the carriage. Three control knobs at the front of the bench actuate the translators. Each knob is attached to a shaft, which is sealed through the vacuum wall of the bench with an O ring. The shaft connects to a pair of bevel gears through an alignment coupler. (The coupler compen sates for any axial or angular misalignment between the con trol shaft and the bevel gears. It also serves as a simple disengagement mechanism so the V way can be removed from the bench without removing the control shaft/knob as sembly.) The bevel gears transmit rotations of the control knobs through 90°to the worm gears.
There are six 2.22 cm diameter high-voltage feedthrough ports on the back of the bench for connections to the lenses and other components. An insulator with a metal rod through the center serves as the high-voltage feedthrough. The insu lator, either Rexolite (cross-linked polystyrene) or glazed ce ramic, is 9.5 cm long and is sealed against the vacuum hous ing with an O ring. The high voltage rod is sealed to the insulator by an O ring between the outer end of the insulator and a shoulder on the rod. The assembly is held to the hous ing, and compression is applied to the O rings, by a nut on the vacuum end of the rod inside the chamber. The nut is supported off the inner wall of the chamber by a second insulator.
Flanged ports with 7.62 cm inside diameters are located at each end of the bench. The ports can be used for mounting an electron gun, fiber-optics window, in-vacuum camera, or additional electrical connections needed for a given experi ment.
The electron bench is set up for electrostatic optics, but in principle it could be used also for magnetic optics. The off-ground on an insulating flange (Rexolite) inside the gun housing. The gun flange is sealed to one of the bench end flanges with an O ring. The anode, at ground potential, is supported on the near end of the V way inside the bench. A gimbal-like arrangement enables x and y adjustments of the filament relative to the grid, and a threaded knob provides a z adjustment. Sliding x and y adjustments of the grid and filament assembly relative to the anode are provided by two pairs of opposing screws acting on the gun flange. These various adjustments can be made during operation.
A 5 cm diameter pumping port on the bottom of the bench connects via a short coupling to a Veeco model VS-9 vacuum pumping station. The bench is supported on top of the pumping station by three adjustable feet. The vacuum system uses a trapped oil-diffusion pump backed by a me chanical pump. The vacuum inside the bench during an ex periment ismodest, typically 10"5 Torr (1.3 X10"3 Pa) when the cold trap is used and 5X10"5 Torr (6.7X10-3 Pa) with out it.
Up to this point we have been discussing benches for in-line optical systems, all of which have a single axis, as illustrated in Fig. 3(a) . However, in low-energy electron mi croscopy (LEEM) or in aberration correction with a mirror, both an incident and a returning beam are present, which necessitates a branched system. The incident and returning beams share a single axis in the LEEM/mirror branch, but must be separated at some stage in the system in order to line Electron-optic benches up with the electron gun and the final viewing screen, which are necessarily on separate axes for independent control of the beams.
Recently, one of the two Tektronix-type benches at Port land State University was modified for studies of aberration correction by an electron mirror, and for preliminary tests of the optics for LEEM. The branching pattern used for sepa rating the incident and returning beams is shown in Fig. 3 
(b).
The separation is accomplished by a transverse magnetic field located on the LEEM/mirror axis where the incident and returning beam axes diverge. Two other magnetic fields, each acting on one of the separated beams, produce deflec tions which bring the incident and returning axes into paral lelism with the LEEM/mirror axis, but displaced from it in opposite directions. To avoid impairment of resolution by deflection aberrations the optics are adjusted so that deflec tions take place at image planes. Relay lenses transfer the images between deflectors without change of magnification or orientation. A photograph of the modified bench, set up for the mirror studies, has been published elsewhere.13
In order to support the optics for the separated beams we replaced the V-way section at the right end of the bench with one having two tracks (double V way). deflectors and relay lenses, was constructed to transfer the incident beam from the back track of the double V way to the single V way on the left and to transfer the returning beam from the single V way to the front track of the double V way. In order for the relay optics to fit into the space available, the relay lenses were made to half scale. The accelerating volt age was correspondingly reduced to 15 kV from the normal operating voltage of 30-40 kV for full-sized lenses.
The foregoing changes in the electron optical arrange ment necessitated a modification in the vacuum housing to enable viewing and recording of the experimental results. The flanged port at the right end of the bench was cut away, and the area machined to accept a rectangular adapter having an off-set window in line with the front axis of the double V way. While it would have been desirable to mount an elec tron gun on this adapter, in line with the rear axis, there was insufficient space. Instead, a smaller gun lacking the desired adjustability during operation was placed directly on the rear V way.
Several other limitations, besides inadequate space in the bench, added to the need for an improved design. There is no provision for moving the magnets to adjust the center of deflection during operation, or for adjusting the gun with respect to the optical axis. It is difficult to adequately shield the beam from magnetic fields because the shields for the lenses can extend only as far down as the contact between the lens housings and the V way. The number of high-voltage feedthroughs is insufficient for some of the experiments, and pump-down time is unduly long (30-40 min).
The most compelling reason for a new design has to do with alignment of the electron beam. While the bench is entirely adequate for the original purpose of measuring lens focal properties and aberrations, the alignment requirements for matching and canceling aberrations in the mirror studies, and achieving good resolution in the LEEM studies, are much more stringent. Misalignment problems in the mirror and LEEM studies in the old bench are due mainly to the following shortcomings: (i) The electron optical components are supported on three separate V-way sections, which in turn are aligned by locating surfaces in the vacuum housing. Not only is it more difficult to achieve alignment in the first place, but also this arrangement leaves the alignment vulner able to small distortions of the housing occurring during pump down, (ii) The lack of adjustability of the gun and the magnets during operation, noted above, makes the alignment process a time consuming and tedious series of approxima tions, (iii) The practical result of the magnetic shielding problem, also noted above, is that shielding is imperfect, which also contributes to beam misalignment.
In spite of the shortcomings described above, this optical bench recently produced the first LEEM and mirror electron microscopy (MEM) images of biological specimens34 and demonstrated correction of chromatic aberration.13 It is still in use for determining lens properties and for testing electron optical setups.
IV. THE NEW ELECTRON OPTICAL BENCH
The design of the new bench began with the support structure for the branched electron optics. Our approach was to design the support structure first,, and then decide on the vacuum housing to accommodate it. The branching pattern is essentially the same as in the old bench [ Fig. 3(b) ], without the constraint of limited space.
A. The support structure
The branches of the support structure are called by dif ferent names depending on the mode of operation of the electron optical system. To avoid confusion in discussing the relation between the branches we will refer to the incident, or condenser, branch simply as the C branch, the mirror branch or LEEM branch as the B branch, and the returning branch as the A branch. There is no confusion in referring to the relay branches. The ideal conditions on the support structure which we are aiming at are listed below.
(1) The beam axes in the various branches should lie in the same plane.
(2) The B axis and the two relay axes should meet at a point. (3) The relay axes should make equal and opposite angles with the B axis.
(4) The A and C axes should be parallel to the B axis, and displaced from it by equal amounts in opposite direc tions.
(5) The separation of the A and C branches should be large enough to permit full-sized relay lenses to be used in the relay branches.
(6) The support system should allow magnetic shields to completelyencircle the electron optical components.The support system should also allow for axial adjustments of various components (e.g., deflecting magnets, screens, meshes, etc.) during operation.
After considering alternatives (in particular, a system of lens tubes) we decided that the alignment conditions could be satisfied best by a trough system milled out of a single block of metal. In this way the alignment of the various branches of the system would not depend on support from the vacuum housing. A fringe benefit of the trough choice is the relative ease of access to the electron optics for modifi cations and servicing as contrasted with accomplishing these same tasks in a branched system of lens tubes. The trough profile in the new structure is a circular arc rather than a V way. In effect the alignment control is the same as in a lens tube. The circular profile is better than a V profile or a pair of rods, in that an undersized component cannot move as far out of line.
A drawing of the top view of the support structure, fab ricated out of aluminum, is shown in Fig. 5 (upper) . The center-to-center separation of the A and C troughs is 15.24 cm. The angle between the relay axes and the C, B, and A axes is 17.5°. A section view of the trough is shown in Fig. 5 (lower). The centerline of the trough arc is 1.14 cm above the surface of the support structure. The radius of the arc is larger (3.02 cm) than the radii of the electron optical hous ings (2.7 cm). The housings are spaced off the troughs by precision rings at the ends of the housings, thus allowing for mu-metal shields to extend completely around the electron lenses and other components. The mu metal serves to shield against both electric and magnetic fields. Slots in the bottom of the troughs allow for translation of componentsby mecha nisms beneath the troughs. Numerous threaded holes are pro vided in the block for mounting various fixtures and acces sories. These threaded holes also enable components to be clamped in place for alternative operation in a vertical orien tation. The first phase of the experiments is being done with the trough system in a horizontal orientation. However, for high-resolution tests of LEEM and corrected optics a vertical orientation is preferred in order to minimize effects of me chanical vibrations. A vibration isolation platform will also be used to minimize vibrations.
B. The vacuum housing
The simplest approach to construction of the vacuum housing was to start with a length of rectangular steel tubing having dimensions large enough to easily accommodate the electron optics and allow for the versatility needed in explor ing several modes of operation.A 91.4 cm length of 20.3 cm by 30.4 cm tubing with a wall thickness of 1.27 cm was chosen to serve as the mainstay of the vacuum housing. Fig   ure 6 shows engineering drawings of the top view (a), side view (b), and end view (c) of the housing after machining. O-ring grooves were machined into the end surfaces of the tube [ Fig. 6(c) ], and threaded holes were provided for fas tening on steel end plates. The end plates are interchangeable and serve either as blanks or as mounts for electron guns, output windows, or an in-vacuum camera. Six large rectan gular ports were machined on the front and back sides of the housing [ Fig. 6(b) ]. O-ring grooves matching the shape and size of the ports were cut around the perimeter of each port for sealing. Blind holes were drilled and tapped into the out- (4) side ports. The housing was fabricated from a length of rectangular steel tubing. To seal the ports, O-ring grooves matching the size and shape of the ports were machined into the housing. Blind holes in the housing have been drilled and tapped for fastening on the port cover plates. To prevent corro sion, the housing and steel port cover plates were electroless nickel plated. side of the housing for fastening on interchangeable steel cover plates carrying an array of feedthroughs or actuators, depending on the experiments being performed. Ports in the top and bottom of the housing were machined in a similar way. However, because of the large radius of the rounded edges of the steel tube, the additional step of counterboring was used in machining the tapped blind holes. The bottom of the counterbore provides a flat surface parallel to the top and bottom surfaces of the housing, which makes the tapped holes more convenient to use. [In the side view of the hous ing, Fig with a cold trap. These pressures are adequate for the elec tron optics experiments we are currently doing. Figure 7 shows a perspective drawing of the vacuum housing with the support structure in place. This design using large area ports with the O-ring seal ing grooves built into the vacuum housing provides the flex ibility needed for our electron optics experiments. The type, number, and location of feedthroughs can easily be changed to fit the arrangement of components in the bench by merely changing the side, end, and top cover plates. Only one face of the cover plate needs to have a good smooth sealing sur face, which makes the plates easy to fabricate. We have stan dardized on 2.54 cm diameter holes in the side covers for feedthrough ports. This allows the use of standard baseplate fittings and feedthroughs on the system. Some of the various side cover-plate configurations we use are shown in the fore ground of Fig. 7 . When feedthroughs, such as the highvoltage and multiple pin low-voltage feedthroughs, were not available in the styles we needed, we designed and built our own. Our noncommercial high-voltage feedthrough design is similar to that used in the Tektronix bench. A metal rod, bored at each end to accept a mini-banana plug, serves as the high-voltage lead. The rod fits through an opening on the axis of a Rexolite insulator. The insulator is 7.62 cm long, and has a diameter of 3.81 cm which is stepped down to 2.54 cm to fit the opening in a side cover plate. An O ring in a groove in the bore inside the insulator seals to the rod, and an O ring in a groove on the outside of the insulator seals to the wall of the opening in a cover plate. The low-voltage feedthrough uses a commercial eight-pin electrical feedthrough (Insulator Seal, Inc. P/N 9411027). This device comes with a 1.905 cm long by 1.905 cm diameter sleeve surrounding eight 1.27 mm diameter pins. We use a quick disconnect baseplate adapter, similar to the MDC Corp. P/N 650005, to seal the low-voltage feedthrough to the 2.54 cm diameter hole in the side cover plate. On the outside of the vacuum housing, we designed an adapter to connect the pins of the commercial feedthrough to banana jacks. This enables the use of common laboratory cables to make connections between the feedthrough and the various power supplies re quired to run the bench. On the inside of the vacuum hous ing, where connectors on the components are much smaller than banana plugs, we designed an adapter to convert the pins of the original commercial feedthrough to 1.02 mm di ameter sockets (Hypertronics Corp. P/N YSK0102-004AH). Mating pins (Hypertronics Corp. P/N YPN0102-004G) are soldered onto the ends of the wires which connect between the feedthrough and the components. We have also fabricated other adapters to enable the use of 3.4 and 7.0 cm Conflat type vacuum flanges on the side covers. The seven square ports on the bottom of the housing are sealed with 7.62 cm square plates with NPT-threaded holes in the center. Rotary feedthroughs (Kurt J. Lesker P/N VR-P101) screw into the threaded holes and are used to operate the linear translators in the support structure. In a manner similar to that used in the Tektronix bench each rotary feedthrough connects with a pair of bevel gears which drive a worm gear mounted under a branch of the trough system. See Fig. 5 (lower) . The worm gear in turn moves a carriage connected to the component to be translated. The vacuum housing, being of magnetic steel, provides some protection against magnetic fields. However, we expect to line the housing with one or more layers of mu metal to further reduce the field inside the chamber and to shield against any permanent magnetism which might be present in the housing. Openings in the shielding will be provided to enable viewing of the alignment screens.
Electron-optic benches

V. EXPERIMENTAL TESTS IN THE NEW ELECTRON OPTICAL BENCH
Two electron guns were built to serve as electron sources for the experiments. The guns are modeled after the gun built in the early 1970s for the Elektros Inc. transmission electron microscope. The Elektros gun is a triode gun with a thoriated tungsten filament, and is fully adjustable during operation.
The electron lenses are electrostatic.12 The objective lens for both the LEEM and the correction experiments is the same as the new objective lens for the photoelectron microscope (PEM or PEEM) at the University of Oregon. The PEM lens has a swept-back design to allow for direct illumination of the specimen when used in the PEM mode. 35 The relay lenses also are swept-back lenses. The swept-back design enables us to use a relatively small angle of 17.5°between the LEEM/mirror axis and the relay axes. This is the smallest angle which accommodates the relay lenses. The other lenses in the experiments are general purpose three-electrode unipotential lenses. An accelerating voltage of 20 kV is used in the experiments. Lens voltages are obtained from a voltage divider. The four relay lenses are designed to operate at the same voltage. Leads from the inside ends of the high-voltage feedthroughs contact the rims of the center electrodes through openings in the lens housings and the mu-metal shields.
The deflecting magnets are electromagnetic. A section view is shown in Fig. 8 . The magnetizing current is supplied through the low-voltage feedthroughs. The pole pieces are circular with a diameter of 2.54 cm. They are made of steel with mu-metal disks of the same diameter fastened to their faces. The purpose of the mu-metal disks is to short out any small lateral fields which might be caused by nonuniformity in the steel pole-piece material. This is a temporary measure and the /mi-metal disks will be removed when the steel pole pieces are replaced by pole pieces of soft iron. There are 250 can be used to measure the current accepted by the specimen (specimen current).
Our first experiments on the new bench have been done in the LEEM mode. The LEEM studies, aside from being of interest in their own right, are valuable in arriving at the alignment conditions needed for the aberration-correction experiments. Furthermore, the LEEM studies enable us to test the beam separator alone without the correcting mirror. A schematic diagram of the optical arrangement for LEEM is shown in Fig. 9 , and a photograph of the bench set up for LEEM is shown in Three other low-voltage feedthroughs can be seen at the rear. The specimen manipulator control is at the left front. A vacuum compatible internal roll film camera is on the right end of the bench toward the front. Just to the rear of the camera is the electron gun for the system. An identical electron gun is shown at the left end of the bench. The left end gun position is used when the bench is operated in a TEM mode, or for trouble shooting.
Rev. Scl. Instrum., Vol. 65, No. 10, October 1994 reaccelerated back through the objective lens, separated from the incident beam by the B magnet, transferred to the A magnet, and deflected onto the projection axis, where it is focused to a magnified image. The objective lens and the relay lenses are focused so that images of the specimen are located at the centers of the magnets. The condenser lenses are focused to form an image of the electron source at the entrance pupil of the objective lens (exit pupil for the return ing beam) so that a parallel beam is incident on the speci men.
Because the electrons are decelerated to such low volt ages at the specimen, the LEEM image is very sensitive to misalignments. The controls on the electron gun and the axial translators for the deflecting magnets (both adjustable during operation) which have been incorporated in the new bench, have greatly facilitated beam alignment. Stray mag netic fields have been reduced to an acceptable level for our present tests by two layers of mu-metal shielding surround ing the electron beam. The machining of the trough and the electron optical components also is sufficiently precise for our initial tests. However, the LEEM image is especially sensitive to misalignment of the objective lens. We plan to incorporate a means for making fine adjustments of the ob jective lens transverse to the axis in order to correct for the small errors which are inevitable, even in parts machined to high tolerances. Furthermore, the diameter of the field of view at the specimen is very small (of the order of 40 /am in diameter or less), and its image formed by the objective stage at the B magnet and transferred to the A magnet is still very small. Hence, it is necessary to have the first projector lens (PI) lined up well with this image if one is to see any part of the final image on the viewing screen. In order to optimize the alignment we plan to provide a means for fine adjust ments of PI as well as the objective lens. We want to em phasize the importance of having viewing screens at strategic locations along the optical path (e.g., as in Fig. 9 ). Phosphorcoated discs with central openings are easy to include, and they are crucial in simplifying the task of aligning the beam. A LEEM micrograph of a test specimen is shown in Fig.  11 . The specimen was obtained from Ted Pella, Inc. It is usually used for magnification and distortion calibration in SEM. The calibration pattern was fabricated by electronbeam lithography on a single-crystal silicon wafer. The squares have a period of 9.9 /u,m. The lines are 1.9 /xm wide. This micrograph was taken with the specimen biased 6 V positive of the cathode of the electron gun. The image was recorded without stigmators or an aperture stop. The electron image was recorded directly on film with an in-vacuum rollfilm camera modified for this purpose. The electronic mag nification was 600 X, and the exposure time was 2 s. The pressure in the system was 3X10"5 Torr (4X10-3 Pa). The accelerating voltage was 20 kV.
The magnification of the objective stage is about 7X. The two projection lenses together can multiply this magni fication up to about 2500 X at the camera, or output window. The image at the output window can be viewed on a video monitor at up to 16 000 X. It is interesting to observe the effect of small misalignments on images of specimens with topography. Almost imperceptible adjustments of the beam steerer in the condenser branch can move the shadows cast by topographic details from side to side. As in PEM, the specimen is the negative electrode of an electric field, and specimen topography creates microfields at the specimen surface. The deflecting power of the microfields for the low energy electrons enhances contrast in the image. This effect is advantageous for fine detail. However, only small to mod erate specimen topography, where deflections are not too large to be included in the imaging beam, can be imaged well.
Optimizing LEEM resolution will require a number of improvements, including a fully functional specimen ma nipulator, an aperture stop, stigmators, and fine-focusing ca pability. Also needed will be additional shielding to protect against both DC and AC magnetic fields, vibration isolation, and finalized deflecting magnets using soft iron or other high-permeability material. At present the magnetic shielding is marginal, but with the addition of magnetic shields lining the vacuum chamber, it will be substantially improved. The locations of the feedthroughs, viewing ports, and other open ings into the vacuum system have been established, and the shields can be made with only small gaps to accommodate these openings. Stringent pre-conditions must also be satis fied for high-resolution tests of an aberration-corrected PEM or other instrument.39 One pre-condition is identifying and eliminating spurious sources of small misalignments. A sec ond pre-condition is the demonstration that the beam sepa rating system is optimal. The availability of the new electron optical bench will greatly facilitate studies with an electron mirror leading to the experimental demonstration of aberra tion correction. The LEEM micrograph of Fig. 11 illustrates   3192 Rev. Sci. Instrum., Vol. 65, No. 10, October 1994 a typical application of the new bench. The fact that no pro nounced astigmatism is observed in this preliminary micro graph, even before any stigmators are introduced, is evidence that the beam separation system for LEEM and corrected optics is working well.
